INTRODUCTION
============

The binding of RNA polymerase to promoter DNA is a key step in the regulation of gene expression. This process has been described as a multi-step pathway that begins with the formation of a competitor-sensitive 'closed complex', followed by isomerization into a competitor-resistant complex. This isomerization process is distinguished by an initial phase during which nucleation of DNA melting takes place and the promoter DNA becomes completely protected from cleavage by DNaseI or hydroxyl radicals ([@B1; @B2; @B3; @B4]), followed by a second step involving the complete melting of the transcription bubble and the formation of a transcriptionally active complex, also known as the 'open complex' ([@B5]). A series of conformational changes in both the protein and the DNA are necessary to obtain the active complex, and each of these presents a possible target for both regulation and for subtle modulation during evolution ([@B6; @B7; @B8]). A precise description of the pathway leading to the formation of a transcriptionally active complex is thus necessary in order to understand how regulatory mechanisms control RNA polymerase activity at the promoter.

At some strong promoters such as the A1 promoter of T7 phage ([@B9],[@B10]) the *Escherichia coli* RNA polymerase holoenzyme (RNAP, made of six subunits, 2 α, β, β′, ω and σ) is able to recognize and bind specifically to the promoter, melt the DNA and initiate transcription in the absence of additional transcription factors. The study of binding of RNAP to these promoters has been used to define the sequence of events for this process as described above ([@B3],[@B11; @B12; @B13; @B14]). The T7A1 promoter\'s wild-type (wt) sequence is characterized by the presence of an AT-rich UP element extending to --71, a near consensus --35 sequence (TTGACT instead of TTGACA) and a non-consensus --10 sequence (GATACT instead of TATAAT).

The description of structural intermediates in the process of macromolecular recognition remains a challenge due to the presence of short-lived, unstable complexes. We previously characterized the structural kinetics of binding of RNAP to the T7A1 promoter using time-resolved X-ray footprinting ([@B14]). The tens of millisecond temporal resolution of this technique allows the characterization of different intermediates not only by their extent of protection but also by their kinetic properties. In addition, the single nucleotide resolution from hydroxyl radical cleavage permits a structural interpretation of the footprinting patterns that facilitates the deduction of possible conformational changes in the intermediate complexes. The construction of a full structural model is further made possible, thanks to the considerable amount of existing biochemical data concerning the identification of specific DNA--protein interactions, with the caveat that some of the protection observed in intermediates could be due to short-lived interactions that are not present in the complex at equilibrium ([@B15]).

Our previous results described a kinetic pathway where an equilibrium is established among several, relatively unstable, intermediates preceding the energetic barrier of a rate-limiting step leading to the formation of a more stable complex ([@B14]). The protection from hydroxyl radical cleavage at a specific region thus can appear during at least two phases: the first, fast phase corresponding to the formation of protein--DNA contacts in the early intermediates in the pathway, and the second, slower phase in the kinetic profile corresponding to the formation of a stable complex where the DNA remains protected from cleavage in the same region.

In this work, the improved temporal resolution and thermal stability of the stopped-flow apparatus has allowed us to obtain a more detailed characterization of conformational changes taking place at 37°C and to determine how both temperature and the DNA sequence in the --10 region may affect the structure of intermediates. For the first time, time-resolved permanganate experiments at 37°C permit direct identification of intermediates in the pathway where different bases of the --10 sequence become accessible to modification. Here, we show that in the context of the wt promoter at 37°C DNA melting precedes the rate-limiting step and the formation of downstream contacts. In addition, the comparison of the intermediates formed under these different conditions strongly suggests that the presence of an off-pathway intermediate at 37°C results from the lack of specific contacts with the fork junction structure at the upstream end of the partially melted --10 region. The absence of this off-pathway intermediate at 20°C implies that its stability is dependent in part on a temperature dependent protein conformational change.

MATERIALS AND METHODS
=====================

DNA preparation
---------------

DNA fragments of 172 bp length containing wt T7A1 promoter and either radioactively or fluorescently labelled at the 5′−end were prepared by PCR using *pDS1−A1*~220~ plasmid DNA as a template and primer pairs T7A1−up(−91) for the non-template strand (NTS) and T7A1−down(+81) for the template strand (TS). One of these primers was end-labelled with ^32^P or Alexa Fluor 647 fluorescent dye (Invitrogen). The DNA fragments were purified by HPLC on a monoQ column using a MiLiChrom chromatograph (EcoNova, Novosibirsk, Russia). The T7A1 promoter mutant containing a consensus --10 region was obtained by ligation of commercially synthesized DNA oligonucleotides (IBA, Göttingen, Germany) followed by purification by HPLC and then amplified by PCR.

RNA polymerase purification
---------------------------

His-tag RNA polymerase was isolated from *E. coli* strain RL916 as described in our previous work ([@B14]).

Time-resolved X-ray footprinting experiments
--------------------------------------------

Time-resolved hydroxyl radical footprinting experiments were performed at the ID10A white light undulator beamline at the European Synchrotron Radiation Facility (ESRF) (Grenoble, France) using a modified BioLogic stopped−flow machine (SFM−400) (Claix, France) (see [Supplementary Figure 1](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1)). During a typical experiment, 13 µl of 50 nM fluorescently labeled DNA and 13 µl of 200 nM RNA polymerase in BBcac20 buffer (50 mM sodium cacodylate, pH 7.5; 20 mM NaCl; 6 mM MgCl~2~) were rapidly mixed inside the stopped-flow machine. After incubation of the reagents for a specific time (from 50 ms to 5 min), the sample was exposed to the X-ray beam by pushing the solution through a quartz capillary at a specific speed determining the exposure time, between ∼ 0.18 and 0.26 ms depending on the ring current. Each irradiated sample (final volume 100 µl) was mixed with 10 µl of 3 M sodium acetate (pH 5.0) containing carrier DNA (0.1 mg/ml) and with four volumes of cold ethanol to precipitate the DNA. The DNA fragments were then resolved on 8% denaturing polyacrylamide gel using an ALF Express II DNA analyzer (Amersham Pharmacia Biotech).

Time-resolved potassium permanganate footprinting experiments
-------------------------------------------------------------

Time-resolved permanganate footprinting experiments were performed in two steps. First, 10 µl of 50 nM DNA and 10 µl of 200 nM RNA polymerase in BBcac20 buffer were rapidly mixed inside the stopped−flow machine of our own construction ([Supplementary Figure 5](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1)). The DNA fragment was radioactively labelled at the 5′−end of the TS (it was found that fluorescent labels do not withstand KMnO~4~ treatment). The reagents were incubated for a specific amount of time (from 1 s to 4 min), following which the sample was mixed with 20 µl of 60 mM KMnO~4~ for 0.2 s. The sample was then expelled into an Eppendorf tube containing 100 µl of 2× stop-KMnO~4~ solution (10% β-mercaptoethanol; 0.6 M NaAc, pH 5.0; 20 µg/ml carrier DNA) where the oxidation reaction is rapidly quenched. Each sample (final volume ∼200 µl) was mixed with four volumes of cold ethanol to precipitate the DNA. The DNA was cleaved at the modified thymines by reaction with piperidine: the pellet was dissolved in 90 µl of freshly prepared 10% piperidine and incubated at 90°C for 20 min. Ten microlitres of 5 M LiCl was then added and DNA fragments were precipitated with 400 µl of ethanol and subsequently resolved by gel electrophoresis. For quantification, gels were exposed to Fuji Imager plate BAS IIIS, which was scanned with Bas−1000 PhosphorImager instrument.

Evaluation of the data of time-resolved hydroxyl radical footprints
-------------------------------------------------------------------

The processes of quantification and normalization of time-resolved hydroxyl radical footprints as well as the fitting of the resulting kinetic data to single and double exponential equations were carried out as described in our previous work ([@B14]). Representative plots of the raw output from the electrophoresis in the ALF sequencer and the result of the subsequent quantitation of each peak\'s area are found in [Supplementary Figures 2 and 3](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1).

Analysis of potassium permanganate footprinting data
----------------------------------------------------

Band intensity profiles along each gel lane were determined using the MacBas software. For integration of the area of the peaks in each lane the lowest intensity points in the lane were used as the horizontal baseline and peaks were fit to a Lorenzian curve. The values for the peaks' area were then normalized on the total amount of DNA material applied on corresponding gel lane. Normalized area values of the peaks in the lane of DNA treated with KMnO~4~ in the absence of RNAP (local background intensity) were then subtracted from the normalized values of corresponding peaks within each lane. The plots of the increase of KMnO~4~ accessibility at each thymine position were fit to single or double exponential equations and processed in the same way as in case of hydroxyl radicals footprints (see [Supplementary Figure 4](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) and [Table 1](#T1){ref-type="table"}). Table 1.Rates of potassium permanganate reactivityNucleotide PositionApparent rate (s^−1^)Percentage of total amplitude*k*~A~*k*~B~ABWild-type T7A1 promoter at 37°C    m120.6 ± 0.20.049 ± 0.0094555    m100.7 ± 0.20.046 ± 0.0084753    m60.8 ± 0.20.036 ± 0.0064753    m40.35 ± 0.070.025 ± 0.0044951    p11.0 ± 0.20.019 ± 0.0045248Consensus --10 T7A1 promoter at 37°C    m120.8 ± 0.30.025 ± 0.0063763    m40.7 ± 0.20.018 ± 0.0064852

RESULTS
=======

We used time-resolved hydroxyl radical and permanganate footprinting in order to characterize the effects of the --10 sequence and of temperature on the structure of intermediates in the process of open complex formation by RNA polymerase. We measured the rate of change in both permanganate reactivity and the extent of protection from hydroxyl radical cleavage of each base on the DNA after mixing RNA polymerase and an end-labelled DNA fragment containing the sequence for the T7A1 promoter in a stopped-flow apparatus. From the analysis of these results it is possible to distinguish several structural intermediates due to their unique structural and kinetic properties.

We recently built a new stopped-flow apparatus with an increased time resolution and a more stable and uniform temperature control resulting in improved data quality and reproducibility (see [Supplementary Figure 1](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1)). The footprinting patterns obtained on the DNA at different mixing times were analysed as described ([@B14]). The raw data and the result of quantification are shown in [Supplementary Figures 2--4](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) and [Supplementary Table 1](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1). A representative sample of plots of the change in the fraction of protection as a function of time in different regions of the promoter is shown in [Figure 1](#F1){ref-type="fig"}. The rate of appearance of the protections at each site on the promoter is often best described by a double exponential (see [Supplementary Table 2](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) for the results of the *F*-test statistical analysis and [Supplementary Figure 4](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) for the comparison of the residuals). The values of the rate and amplitude of both phases depend on the position of the base in the promoter, the --10 region sequence and the temperature. Results are summarized in [Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}. The extent of protection from hydroxyl radical cleavage of the DNA backbone is a function of solvent accessibility to these sites ([@B16]). The differences in the rates and amplitudes of appearance of protection allow us to assign each protection to a possible structural intermediate in the pathway ([Figure 7](#F7){ref-type="fig"}). The protections of the different intermediates are described here and in [Figures 5--7](#F5 F6 F7){ref-type="fig"} in a sequential fashion; however we cannot exclude that those within a rapid equilibrium (shown within the parenthesis in [Figure 6](#F6){ref-type="fig"}) could also be described by the presence of a branched pathway ([@B14]). Figure 1.Representative plots of the kinetics of protection. Increase in fractional saturation at different sites on the promoter on both the template and non template strands for the three conditions studied here, wt T7A1 at 37°C, wt T7A1 at 20°C and the consensus --10 mutant T7A1 promoter at 37°C. The goodness to fit to either a single or double exponential were determined by a visual analysis of the residuals and an *F*-test analysis (see [Supplementary Table 2](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) online and [Supplementary Figure 4](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) online for the complete set of the plots and the analysis of the residuals). Figure 2.Summary of the rates and amplitudes for the appearance of protection at each base on the non-template strand of the promoter region. The data obtained on the wild-type T7A1 promoter at 37°C, on the consensus --10 mutant of the T7A1 promoter at 37°C and on the wild-type T7A1 promoter at 20°C are shown in the first, second and third rows, respectively. The plots in the first column represent values for the rates within the fast phase of the kinetics, while in the second column the plots represent values for the rates within the slow phase. The plots in the third column show the percentage of the amplitudes of the two phases for each position on the promoter, in dark grey is the amplitude of the fast phase while in light grey is that of the slow phase. Figure 3.Summary of the rates and amplitudes for the appearance of protection at each base on the template strand of the promoter region. The data obtained on the wild-type T7A1 promoter at 37°C, on the consensus --10 mutant of the T7A1 promoter at 37°C and on the wild-type T7A1 promoter at 20°C are shown in the first, second and third rows, respectively. The plots in the first column represent the values for the rates within the fast phase of the kinetics, while in the second column the plots represent the values for the rates within the slow phase. The plots in the third column shown the percentage of the amplitude of the two phases for each position on the promoter, in dark grey is the amplitude of the fast phase while in light grey is that of the slow phase. Figure 4.Evolution of time-resolved potassium permanganate reactivity of the thymines on the template strand during formation of the RNAP--promoter complex. (**a**) Representative gel of the reactivity pattern obtained upon mixing RNAP on wt T7A1 promoter for different amounts of mixing time, in seconds, shown above each lane. (**b)** Plots of the increase in thymine modification as a function of time. The goodness to fit to either a single or double exponential was determined by a visual analysis of the residuals and an *F*-test analysis (see [Supplementary Table 2](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) online and [Supplementary Figure 4](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1) online). Figure 5.Protection pattern of each of the intermediates identified by time-resolved X-ray footprinting. The identification of specific intermediates in the pathway was determined from the differences in the rates or in the relative amplitudes of the fast and slow phases of appearance of protection as a function of the position on the promoter. (**a**) Wild-type T7A1 promoter at 37°C. (**b**) Consensus --10 mutant of the T7A1 promoter at 37°C. (**c**) Wild-type T7A1 promoter at 20°C. Light grey boxes correspond to regions with weak protection; grey boxes correspond to the appearance of protection during the first, fast phase; black boxes correspond to the regions which further become protected in the slow phase of the kinetics. The RNAP domains interacting with specific promoter regions are shown for the final complex on the wt promoter. The complexes formed within the slow phase are within the light grey background. Figure 6.Summary of the intermediates identified in the pathway for RNAP binding to the wild type T7A1 promoter at 37°C, the consensus −10 T7A1 mutant (C-10) at 37°C and the wild type promoter at 20°C. The thin black line places the different intermediates in three groups depending on the nature of the main protein--DNA interactions involved in the intermediate structures. The intermediates within the parenthesis are in rapid equilibrium, while those within the dotted circles correspond to the DNA melting steps. The intermediates in each of the pathways can have different protection patterns even though they are identified by the same letter. Figure 7.Proposed structures for the key intermediates in the pathway of formation of a transcriptionally active complex on the wild type T7A1 promoter at 37°C. The model of the open complex proposed by Darst and co-workers from the crystal structure of the *Thermus aquaticus* RNAP was used as a starting point to create these images ([@B17]). α-CTDs and NTDs are shown in light and dark grey respectively. β and β′ are in blue and green, respectively, while sigma is in red. The template strand is in orange and the nontemplate strand in yellow. The shaded parts of the DNA are those that have entered the active site channel and the jaws and are therefore placed behind the β subunit. These intermediates correspond to those shown in [Figure 5](#F5){ref-type="fig"}a, C through G. Following the formation of early complexes stabilized by the interaction of the α-CTDs with the UP-element and σ region 4 with the --35 region of the promoter (A, B and B′ not shown) the DNA is bent towards σ regions 3 and 2 where contacts are made with the spacer and the upstream end of the --10 region, C. The E′ intermediate corresponds to the off-pathway complex. While the pattern of protection in complexes E, F and G does not change, the extent of protection increases as the complex isomerizes into a transcriptionally active structure where the template strand is placed at the active site (G). Protection of the DNA down to p20 is likely due to an interaction with the β DR1 and β′ NCD and their subsequent folding stabilizing the transcriptionally active complex ([@B3],[@B54]).

High-resolution characterization of the formation of intermediates on the wt T7A1 promoter at 37°C reveals the presence of a stable, off-pathway complex
--------------------------------------------------------------------------------------------------------------------------------------------------------

A fast phase is observed during protection of all the nucleotides eventually protected in the open complex at the wt promoter at 37°C ([Figures 1--3](#F1 F2 F3){ref-type="fig"}). Nucleotides at the upstream end of the promoter region are protected at a faster rate than those downstream. The stepwise decrease in the rate of the fast phase on passing from upstream to downstream defines the boundaries of each intermediate ([Figure 5](#F5){ref-type="fig"}). In addition, differences in the amplitude of each phase provided additional criteria for the identification of intermediate structures ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The earliest intermediates observed are characterized by the protection of the distal UP element sites by the α-C-Terminal Domain (CTD) (m55-m53 on the TS and m73-m48 on the non-NTS ([Figure 5](#F5){ref-type="fig"}a, A intermediate); the numbering refers to the distance of the bases from the site of transcription initiation either upstream, m, or downstream, p). On the NTS, the protection extends over three sites within a 25-base region. At the m62-m58 site the amplitude of the fast phase is lower compared those on either side, indicating that this protection results from a less favorable interaction within the set of these early complexes in rapid equilibrium. However, the degree of protection at this site is greater than at the neighboring sites, indicating that a more stable interaction is formed in the final complex. This implies a rearrangement of the α-CTD domains during the process of RNAP binding to the promoter.

A set of protections are also observed near m80; however, the low signal to noise in this region did not allow for precise kinetic measurements. In addition, the weak protection on the TS at sites upstream of m55 indicates that the two strands are protected by the α-CTDs in an asymmetric fashion (the same weak protection is also observed in the other two data sets for the TS at 20°C and with the consensus --10 mutant).

The two sets of protections of the proximal UP element and the --35 sequence by the α -CTDs, σ region 4.2 and β′ (m45-m31 TS; m41-m27 NTS) appear at the same rate but with different amplitudes of the fast phase for the different regions, a signature of the presence of two intermediates in rapid equilibrium ([Figure 5](#F5){ref-type="fig"}a, B intermediates).

The next step reveals protection at positions m23-m20 and m12-m9 on the TS and m20-m5 on the NTS (C intermediate). The continuous protection of the downstream half of the spacer region of the NTS (m20-m14) likely involves the σ non-conserved region (NCR) and σ region 3, whereas the protection of the --10 sequence is due to the σ region 2 protruding from the surface of the protein ([@B3],[@B17]). In the following intermediate, protection extends to include the transcription start site (m19-m13, m8-m6, m2-p2 TS; m4-p6 NTS) (D intermediate) as the DNA enters the active site channel.

The protected regions m5-m3 and p3-p12 TS and p7-p12 NTS appear at a slower rate for both the first and second exponential phase. In addition, protection kinetics at these sites exhibit larger amplitudes for the fast phase compared to other protections either upstream or downstream. We propose that this larger amplitude results from the sum of two possible complexes being protected at these sites (intermediates E and E′ in [Figure 5](#F5){ref-type="fig"}a). In the first complex, E, these contacts are formed at the same time as the protection of the downstream DNA (p13-p20 TS and NTS); in the second complex, E′, the same protection pattern appears in the absence of the downstream contacts. These results indicate that there is a branching of the pathway where a fraction of the intermediates, E′, is in a conformation that does not efficiently isomerize to form the downstream contacts. These contacts can form following a conversion of E′ back to the D intermediate and the slow rate of this conversion results in an accumulation of this off-pathway complex.

The rates of the second, slower phase correspond to isomerization steps leading to the formation of a stable complex and are very similar to rates measured for the formation of a transcriptionally active complex ([@B12],[@B18]). In this second phase of the pathway two sets of rates can be distinguished at the different protection sites; the faster rate corresponding to the protection within the core promoter sequence ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). These differences in the rate of the second phase are more evident in the data set for the TS, where the upstream, spacer and downstream protection become stabilized at a slower rate than the core promoter ([Figure 3](#F3){ref-type="fig"}). The bases at m31-m27 on the NTS are instead protected faster than the others in the second phase ([Figure 2](#F2){ref-type="fig"}). This protection is likely caused by an interaction of the NTS with the β′ Zn^+2^ finger. A change in conformation of the DNA in the spacer region thus precedes the final isomerisation step, and could be coupled with the rearrangement of the α-CTDs described above. The absence of a higher rate for the equivalent site on the TS reflects the asymmetry resulting from a change in twist associated with the last steps of open complex formation, as the single-stranded TS is led deep into the core of the enzyme towards the active site. A similar rearrangement in this region was observed by Li and McClure and proposed by Davis and co-workers ([@B3],[@B19]).

Time-resolved potassium permanganate reactivity measurements show that DNA melting precedes the rate-limiting step
------------------------------------------------------------------------------------------------------------------

The transcriptionally active complex formed by RNAP on the wt T7A1 promoter at 37°C in the presence of Mg^2+^ is characterized by DNA duplex unwinding from position m12 to position p2 ([@B10]). In order to determine the timing of DNA melting with respect to the appearance of protections from hydroxyl radical cleavage, we carried out time-resolved potassium permanganate (KMnO~4~) footprinting experiments. Potassium permanganate modification of thymines occurs when the unsaturated C5-C6 bond becomes accessible in the major groove due to significant distortion of the double helix disrupting base stacking ([@B10]). Our results clearly show that the permanganate signals resulting from modification of the thymines on the TS at m12, m10 and m6 appear with double exponential kinetics with similar rates to those measured for the appearance of protection of the NTS in the −10 region (C intermediate), while the modification of the thymine at m4 appears at a rate similar to the protections of the D intermediate ([Figure 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). The reactivity of the thymine at m12 is almost twice that of the other bases within the --10 region. This reflects the key role of the fork junction structure for nucleation of DNA melting and for the positioning of the resulting bend in the double helix possibly increasing the accessibility to permanganate at this site ([@B20]). The reactivity of the thymine at p1 is significantly weaker than at other positions. The faster first phase in the appearance of reactivity at this base corresponds to a small change compared to the total reactivity observed at other bases (∼4%) and could reflect an early DNA conformational change caused by DNA wrapping upon formation of the first complexes. An additional increase in signal takes place within the slow phase of the kinetics. These results indicate that DNA melting from m12 to m4 takes place in at least two steps, that it precedes binding of downstream DNA within the jaws and that it is not the rate-limiting step in the formation of a transcriptionally active complex.

We have also carried out time-resolved permanganate experiments on the mutant T7A1 promoter where a consensus --10 sequence (C-10), TATAAT, replaces the wt −10, **G**ATA**C**T. On this promoter the signals at m12 and m4 appear at the same rate, DNA opening thus appears to take place more cooperatively due to the more stable interactions with the fork junction and the single-stranded NTS ([@B20],[@B21]) ([Figure 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}).

The 'off-pathway' intermediate is not present during open complex formation on the T7A1 consensus --10 mutant
-------------------------------------------------------------------------------------------------------------

The identity of the bases within the --10 region plays an important role at different steps during formation of a transcriptionally active complex ([@B20],[@B22; @B23; @B24]). The wt T7A1 promoter contains an imperfect --10 sequence (**G**ATA**C**T instead of TATAAT). The presence of guanosine at position --12 is especially detrimental to the stability of the intermediates leading to the open complex ([@B22],[@B25]). In order to determine how the lack of optimal contacts with this region may influence the structure and stability of intermediates in this process we have carried out time-resolved X-ray footprinting experiments on a mutant T7A1 promoter with a consensus --10 sequence.

The rates of appearance of protection for the different intermediates decrease from upstream to downstream; however, the differences are not as distinct as for the wt promoter ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The most probable interpretation of these results is that, in the presence of the consensus --10 sequence, the energetic barriers between the intermediates are lower than for the wt promoter all along the pathway.

The protection at m20-m4 NTS appears at the same rate as the protection of nucleotides at positions m31-m26 on NTS in the C intermediate, in the absence of a B′ intermediate, reflecting a more cooperative conformational change involving contacts with both the spacer and --10 regions. In addition, on the TS, the C intermediate is protected continuously from m23 to m14 by interactions with β′ and σ region 3, while on the wt promoter the protection due to σ is lacking. This could be directly due to the presence of the m12 non-consensus guanosine on the wt promoter, while the more extended protection of the D intermediate compared to wt can be attributed to the substitution of the m8 cytosine by the consensus adenine within the context of the already single-stranded DNA.

The amplitudes for the fast phase on both strands show a different pattern than that observed on the wt promoter. Indeed, in the C-10 data sets there is no large difference in the values for the amplitudes between the nucleotide positions m5−m3 and p3−p12 TS and p7−p12 NTS (intermediate E′ on wt) and those of surrounding sites. The absence of the 'off pathway' intermediate indicates that its formation is favored on the wt promoter by the decreased stability of the interactions of σ regions 3 and 2 with the non-consensus fork junction sequence and the single-stranded NTS ([@B20],[@B26],[@B27]).

Time-resolved footprinting at 20°C reveals a temperature-dependent conformational change inhibiting protection of downstream DNA within the fast phase
------------------------------------------------------------------------------------------------------------------------------------------------------

While changing the --10 sequence to its consensus form should increase the stability of the intermediates by favoring specific interactions of the protein side chains with this region of the promoter, a decrease in temperature could affect the rate of melting of the double helix and thus have an opposite effect on those intermediates in the pathway that are dependent on the presence of single stranded DNA. We compared the time-resolved hydroxyl radical footprints obtained at 20°C with those at 37°C in an effort to identify a conformational change responsible for the strong temperature effects previously observed at this promoter ([@B10],[@B12]).

The formation of a transcriptionally active complex by RNAP at the T7A1 promoter shows a steep temperature dependence between 20°C and 37°C ([@B10]). At 20°C, only 10% of the complexes are transcriptionally active even though the DNA is melted from m12 to m4. In these experimental conditions, the reactivity to permanganate oxidation of the thymines at p2 (NTS) and at p1 (TS) are about 40% and 10%, respectively compared to their values at 37°C. The reactivity at these bases increases with increasing temperatures and the reactivity at p1 (TS) correlates with the appearance of transcription activity ([@B10]).

Differences in the rates of the first phase of the NTS protections clearly distinguish different intermediates, however, on the TS all the rates are more or less within the experimental error. As observed for the consensus --10 promoter, the protection at m31-m26 appears at the same rate as the protection downstream, at m20-m7, suggesting that there is a decrease in a kinetic barrier during the formation of contacts with the --10 region compared to the wt promoter at 37°C. This can be attributed to the specific recognition of double-stranded DNA by the σ subunit ([@B22]) and a decrease in the flexibility of the still double-stranded DNA reducing the number of possible orientations of the double helix.

The amplitudes of the first phase show a very different pattern than that observed at 37°C. These differences in amplitude allow us to propose the existence of two complexes in rapid equilibrium whose protection extends to m7-m3 NTS and m8-m6, m2-p3 TS (C and C′ in [Figure 5](#F5){ref-type="fig"}c). These intermediates precede a conformational change resulting in the downstream extension of the protection on the TS (D). The notable difference compared to the other two data sets is that the protection downstream of p6 on the NTS is best described by a single exponential whose rate corresponds to the second, slow phase. Thus, at lower temperatures the conformational change resulting in burial of downstream DNA within the jaws becomes rate limiting at this promoter.

DISCUSSION
==========

A1 is one of the first T7 phage genes to be expressed upon infection. Its transcription occurs in the absence of specific phage proteins; it is thus a naturally strong promoter that can successfully compete for the pool of the host\'s RNA polymerase enzymes. The strength of this promoter results from two main properties: the upstream contacts between the AT-rich UP element and the α-CTDs assuring the rapid recruitment and stabilization of the enzyme on the DNA and the less-than-perfect interactions with the non-consensus --10 sequence resulting in efficient promoter escape ([@B28],[@B29]). Between these two events a series of isomerisations steps contribute to the wrapping and bending of the DNA on the surface of the enzyme and result in DNA melting and the burial of the TS deep within the enzyme to reach the active site ([@B17],[@B30]). Previous biochemical characterization of this process has identified the specific protein--DNA interactions necessary for stable promoter binding and DNA melting ([@B5]). Here, we provide the first description of the melting process within the context of the promoter-binding pathway.

At the T7A1 promoter, specific binding by RNAP is mediated by early contacts of the α -CTDs and σ region 4 with the upstream, AT-rich UP element and the --35 region, respectively, in all three cases studied here: at 37°C and 20°C on the wt promoter and on a consensus --10 T7A1 mutant promoter at 37°C ([Figure 6](#F6){ref-type="fig"}). The extent of protection observed in the following isomerization steps, however, depends on the cooperativity between spacer distortion and formation of stable interactions of σ regions 3 and 2 with the fork junction and the --10 region that bend the DNA towards the active site channel and induce DNA melting from m12 to m4 prior to the entry of downstream DNA within the jaws. Depending on the temperature or promoter sequence, different structural intermediates can thus accumulate before the downstream DNA becomes buried within the jaws of the enzyme formed by the downstream β lobe and the non-conserved or dispensable domains of β′ and β. At 37°C on the wt promoter, one of these intermediates appears to be 'off-pathway', possibly resulting from the lack of specific contacts with the melted --10 region. Finally, these results show that, while at 37°C the rate-limiting step in the pathway does not entail a significant change in the extent of DNA protection, at 20°C the downstream NTS becomes protected only within this slow conformational change, suggesting the presence of a different rate-limiting step. At the T7A1 promoter, the rate-limiting step is independent of the sequence of the --10 region and mainly involves protein conformational changes within the core enzyme placing the template strand at the active site ([Figure 7](#F7){ref-type="fig"}).

DNA melting precedes rate-limiting conformational changes
---------------------------------------------------------

These results provide the first description of the melting process by RNA polymerase within the context of the structural intermediates in the promoter-binding pathway. Two alternative models have been proposed for DNA melting in which separation of the two strands in the --10 region and at the transcription start site takes place either in a concerted fashion or in two separate steps ([@B5],[@B31]). A two-step DNA melting process is observed with several mutant protein and/or promoter complexes ([@B15],[@B32; @B33; @B34]) and on a set of naturally strong promoters, such as the wt *tyr*T promoter that, although it has a consensus --10 sequence, also has a stable, GC-rich, discriminator region upstream of the transcription start site providing a thermodynamic barrier to propagation of the transcription bubble ([@B35]). In all these cases, a complex with a short bubble is formed at equilibrium and propagation of the melted region from upstream to downstream is favoured by the addition of nucleotides and the initiation of the transcription process. The results described here obtained by time-resolved permanganate footprinting show that, at the T7A1 promoter, DNA melting occurs in at least two steps, from m12 to m4 within the fast phase followed by propagation to p1 within the slow phase. In addition, within the fast phase we can differentiate two sets of rates on the wt promoter, from m12 to m6 and then at m4, while at the C-10 promoter melting occurs simultaneously at m12 and at m4 ([Figure 4](#F4){ref-type="fig"} and [Table 1](#T1){ref-type="table"}). The formation of the first bubble at the wt T7A1 promoter is associated with a slower conformational change from the C to the D intermediate as compared to what is observed at the C-10 promoter. In these intermediates two sets of contacts are formed: the first by σ region 3 and 2 upstream of, and with, the --10 region (m19-m13, m8-m6 TS) and the second by σ region 1.2 and the β subunit with the discriminator region and with downstream double-stranded DNA (m2-p2 TS and m4-p6 NTS)([@B17],[@B36],[@B37]), in agreement with the proposed role of these interactions in the strand separation process ([@B33],[@B38]). It is interesting to note that this two-step melting process initiating outside of the RNAP catalytic cleft resembles the mechanism observed for DNA melting by σ^54^-RNAP ([@B39]).

This DNA-melting isomerization step at T7A1 occurs at a similar rate as the change in the protein\'s intrinsic fluorescence measured by Johnson and Chester for the binding of RNAP to the T7A1 promoter and is thus likely associated with a significant protein conformational change ([@B12]). The nature of this conformational change remains to be determined; however, it has been proposed that the presence of stable contacts between σ region 2.2 and the single-stranded DNA in the C-10 mutant may be transmitted via the β′ coiled coil to other domains of the enzyme favouring the conformational change necessary for subsequent isomerisation ([@B40],[@B41]). This could result in the opening of the active-center cleft of the enzyme necessary to allow entry of double-stranded DNA downstream of the melted --10 region ([Figure 7](#F7){ref-type="fig"} complex D) ([@B42]). This step has recently been shown to be the target of antibiotic activity by specific binding to the clamp switch region ([@B43],[@B44]). The accumulation of these relatively unstable structures prior to the rate-limiting step may help explain the efficacy of these drugs.

Recent results by deHaseth and co-workers ([@B45]) from measurements of the change in fluorescence of 2-aminopurine substituted at different sites of the --10 region of a consensus promoter also provide evidence for DNA melting following RNAP binding and preceding the formation of a stable complex. Moreover, the change in fluorescence appears at the same rate from m11 to m4, in agreement with what we observe here on the C-10 promoter by KMnO~4~ reactivity. The observation that melting of the DNA occurs within the early steps in the pathway contrasts with previously proposed models for the formation of a transcriptionally active complex that placed DNA melting within the last step ([@B1],[@B2],[@B46; @B47; @B48]). One possible explanation for this discrepancy is that previous studies of DNA melting were often carried out by trapping the intermediates at low temperatures assuming that the basic sequence of events is not affected by this parameter ([@B1],[@B2],[@B10],[@B46]).

The non-linearity of the promoter recognition process
-----------------------------------------------------

On the wt T7A1 promoter, the lack of stable contacts between the σ subunit of RNAP and the DNA at the non-consensus --10 region results in a less cooperative DNA binding and melting process compared to the C-10 promoter, as shown by the presence of additional intermediates and by the kinetics of DNA melting ([Figures 4](#F4){ref-type="fig"} and [6](#F6){ref-type="fig"}). In the consensus-10 mutant both the C and D intermediates show a more extended protection of the fork junction and downstream of p1, respectively, evidence of a larger, more stable, interaction surface compared to the wt promoter. The instability of these contacts on the wt promoter allows for the formation of an off-pathway complex (E′). The protection pattern of E′ is similar in extent to that of the D intermediate on the C-10 promoter ([Figure 5](#F5){ref-type="fig"}). In the light of structural models that have been proposed for the open complex, the position of the downstream boundary of protection near p12 suggests that these protections result from the entry of downstream DNA within the active-center cleft and an interaction of the DNA with the β′ jaw and the downstream lobe of the β subunit, also known as β2 or lobe 1 of the β pincer ([Figure 7](#F7){ref-type="fig"}) ([@B17],[@B36],[@B38],[@B49]). We propose that the difference between these two complexes, E′ on wt and D on C-10, is due to a different orientation of the DNA within the jaws such that contacts further downstream are not accessible from the E′ complex, possibly leading to the formation of a 'moribund' complex ([@B50]).

This effect could also be coupled to the presence of σ region 1.1 within the jaws of the enzyme competing for the entry of the DNA into the active site channel ([@B36]). It was shown that the more stable interactions, formed between the protein and the DNA in a consensus --10 region, favours the complex in which σ region 1.1 has been ejected from the jaws ([@B51],[@B52]). In the next step, the extension of the protection from p13 to p20 in the E intermediate is dependent on an interaction with the β′ G non-conserved domain (NCD) and possibly the β dispensable region 1 (DR1) ([@B13],[@B53],[@B54]) ([Figure 7](#F7){ref-type="fig"}). Saecker and co-workers ([@B13],[@B54]) have proposed that the folding of the β′ G and G′ domains upon interaction with downstream DNA follows σ1.1 ejection and is involved in the rate-limiting step at the λP~R~ promoter. This induced fit is likely to play a role also in this context, in the isomerizations of the second, slower phase during the stabilization of the transcriptionally active complex (see below).

Work by Shimamoto and co-workers ([@B50]) has provided evidence for the presence of a branched pathway within different promoter contexts, showing that the stability of the off-pathway intermediates leading to transcriptionally 'moribund' complexes may be affected by environmental parameters such as pH and salt concentration. In addition, the possible regulatory role of the presence of these structures has been underlined by the effect of the *greA* and *greB* factors on their stability and the probability of accumulation of stalled initiation complexes ([@B55],[@B56]). Here, we directly identify a step in the recognition pathway that may lead to the formation of such a branched pathway.

The rate-limiting step at 37°C involves a re-orientation of the DNA within the open complex
-------------------------------------------------------------------------------------------

On the wt promoter the slow rate of appearance of protection in the second phase corresponds to the stabilization of the complex; its value is similar to that of the rate-limiting step in the appearance of the transcriptionally active complex as measured by abortive initiation assay ([@B18]). This rate-limiting step, however, is not accompanied by a significant change in the protection pattern or to a change in protein fluorescence ([@B12]). The same is observed for the C-10 mutant, the sequence of the --10 region is thus not significantly affecting this conformational change. We propose that unstable contacts of the enzyme with the DNA downstream from the transcription start site induce additional conformational changes to take place within the active site of the enzyme and the downstream jaws that reorient the DNA at the active site, as suggested by the weak increase in permanganate reactivity at p1. This internal rearrangement of the DNA within the active site channel could be coupled to the closing of the clamp and the folding of the conserved G and G′ β′ domains and of the non-conserved β′ NCD and β DR1 regions upon binding to downstream DNA ([@B11],[@B38],[@B57]) ([Figure 7](#F7){ref-type="fig"}). This is consistent with a lack of change in the protein\'s fluorescence in this step since only one of the nine tryptophans of β′ is found within this region.

An open complex can form in the absence of these downstream interactions, as shown above and for some RNAP mutants ([@B34],[@B58]); however, their presence is necessary for subsequent steps in the transcription process. The closing of the downstream clamp and the interaction of non-conserved elements of the *E. coli* enzyme with the DNA must not be too stable, or sequence specific, in order to allow for a rotation of the enzyme along the groove during transcription elongation ([@B59]); however, they are necessary to constrain downstream DNA in the correct orientation resulting in propagation of the transcription bubble ([@B33],[@B34]) and for increased stability of both the transcription initiation and elongation complexes ([@B38],[@B54],[@B60]). In addition, the presence of this slow isomerization step requires that the RNAP--promoter interactions formed up to this point stabilize the complex long enough for it to arrive to completion. We propose that this increases the specificity of selection of the transcription initiation site, especially in the light of results showing that multiple potential core promoter sequences may be found upstream of coding regions in *E. coli* ([@B61]).

At 20°C a protein conformational change becomes rate limiting for the entry of downstream DNA within the jaws
-------------------------------------------------------------------------------------------------------------

In the data sets at 20°C, we observe the accumulation of three different intermediates (C, C′ and D in [Figure 5](#F5){ref-type="fig"}c) prior to the rate-limiting step. The C and C′ complexes are distinguished by their decreased amplitude for the fast phase indicating that at this temperature the formation of the sharp bend of the DNA at the upstream end of the --10 region becomes rate limiting within the fast phase. This bend, which is favoured by the nucleation of DNA melting, is required for the DNA downstream of m8 NTS to become protected by its entry into the active-center cleft. In the following steps, the downstream end of the NTS, at p7-p20, becomes protected only within the second slow phase, in contrast to what is observed at 37°C ([Figures 2](#F2){ref-type="fig"} and [5](#F5){ref-type="fig"}c). While protection of the TS at p7-p13 is likely due to an interaction with β′, β DR1 and the downstream β lobe, the NTS down to p14 only cross-links to β′ ([@B38],[@B49]), suggesting that the short footprint is due to β′ not being correctly folded onto the DNA ([@B54]).

Johnson and Chester ([@B12]) have shown that the rate of change of the protein\'s intrinsic fluorescence during T7A1 promoter binding exhibits a non-linear temperature dependence with a break point at 28°C, after which the isomerization rate decreases more steeply as a function of temperature. As described above, at 37°C this protein conformational change, associated with the propagation of DNA melting, is found within the fast phase of the kinetics of protection (C and D complexes). The extrapolation of the data from Johnson and Chester to 20°C would bring the value for this protein isomerizations to about 0.03 s^--1^ ([@B12]) which is similar to the rate we measure for the appearance of the downstream protection on the NTS at 20°C, 0.048 ± 0.002 s^--1^ for p7-p12 and 0.056 ± 0.003 s^--1^ for p13-p20 ([Figure 2](#F2){ref-type="fig"} and [Supplementary Table 3](http://nar.oxfordjournals.org/cgi/content/full/gkp560/DC1)). It is possible that as the temperature is decreased DNA melting occurs later in the pathway, only after the downstream DNA has completely entered the jaws ([@B11]). DNA melting at low temperatures is inhibited by the presence of the downstream β lobe (see below) ([@B33]). The decrease in the rate of the protein conformational change relieving this inhibition may in turn result from the lack of an interaction of the σ subunit with single-stranded DNA. Finally, the decreased flexibility of double-stranded DNA compared to a melted bubble and the different sequence requirement for the formation of stable contacts of the σ subunit with the still double-stranded DNA ([@B22]) may explain the absence of the off-pathway complex under these conditions.

More than one pathway for the formation of a transcriptionally active complex
-----------------------------------------------------------------------------

Two different models have been proposed for the mechanism of DNA melting during open complex formation, the capture of single-stranded DNA by the protein, in particular by σ region 2 ([@B34]), and the active destabilization of the double helix by the protein ([@B11],[@B33]). Our results suggest that, while at the T7A1 promoter at 37°C one can invoke a model for the formation of an open complex where wrapping and bending of the DNA on the surface of the protein destabilizes the double helix sufficiently for capture by σ, a more active role of the protein in DNA melting may become significant as the temperature is decreased, particularly at non-consensus promoters such as this one, with a lower AT content in the --10 region. At lower temperatures, the entry of the still double-stranded DNA within the active site channel and the jaws may distort the double helix at the --10 region enough to destabilize it and nucleate opening, but a significant protein conformational change may be required for this to take place. A mutant of RNAP where the downstream β lobe, including the DR1, has been deleted (Δ186-433) can form an open complex even at 0°C, albeit with a smaller bubble and a shortened footprint in the absence of nucleotides ([@B58]). This supports the idea that as the temperature is decreased a protein conformational change, dependent on the presence of this domain, becomes rate limiting, and eventually inhibiting, for DNA melting. Severinov and coworkers ([@B58]) proposed that this conformational change is dependent on a 'two-stroke' coupling of the upstream and downstream β lobes (β1 and β2 in [Figure 7](#F7){ref-type="fig"}), the first interacting with the upstream end of the --10 region and the second with the downstream DNA. As described above, at 20°C, the downstream β lobe protection of the TS appears within the fast phase, supporting the possibility that an interaction, or a steric clash, with this domain at 20°C may be responsible for the decrease in the isomerisation rate for the conformational change leading to burial of downstream DNA and a change in protein fluorescence. It remains to be determined whether the presence of the downstream β lobe may affect the stability of σ region 1.1 within the jaws.

Thus, the differences between the pathways at 37°C and 20°C are not merely due to a decrease in the rates but also to the presence of different structural intermediates, as the double helix becomes more stable at lower temperatures a change in the mechanism for open complex formation takes place.

At the λP~R~ promoter, the extent of protection of downstream DNA increases upon isomerizations of the closed complex (I~1~) to the open complex at 17°C ([@B3]). Significant changes are also observed in the protections upstream of the promoter, as it is observed here, suggesting that in both cases there is a rearrangement of upstream contacts upon open complex formation as the downstream contacts become more stable ([@B3]). However, on the T7A1 promoter the interactions of α-CTDs with a near-consensus UP element, absent in the λP~R~ promoter, stabilize the early complexes with a short footprint that then expands downstream in a series of step-wise wrapping and bending steps. In the absence of the UP element, the stability of the early complexes is dependent on the wrapping of the DNA concomitant with the formation of downstream contacts and the entry of double-stranded DNA into the jaws, as it was also observed for the lacUV5 promoter ([@B3],[@B4],[@B32],[@B62]). Whether DNA melting precedes the rate-limiting step in these specific promoter contexts at 37°C remains to be determined. However, recent results obtained on a consensus promoter lacking an UP element suggest that this may be the case ([@B45]).

The dependence of the mechanism of formation of a transcriptionally active complex on both the temperature and promoter sequence described here explains the differences that are observed between these results and the previous models where the open complex was assumed to be associated with the last step of the pathway mainly from the extrapolation of low temperature results to the temperatures for optimal growth ([@B1],[@B2],[@B10],[@B46]). The presence of multiple possible pathways within the same promoter context endows robustness and specificity on the mechanism of formation of a transcriptionally active complex.
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